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ABSTRACT 
D e t a i l e d  i n f o r m a t i o n  on  the  e n v i r o n m e n t a l  con- 
d i t i o n s  on  Mars a r e  v e r y  d e s i r a b l e  f o r  t h e  d e s i g n  
of p h o t o v o l t a i c  systems for e s t a b l i s h i n g  o u t p o s t s  
on  t h e  M a r t i a n  s u r f a c e .  T h i s  paper addresses  the  
v a r i a t i o n  o f ' s o l a r  i n s o l a t i o n  ( g l o b a l ,  d i r e c t  and 
d i f f u s e )  a t  t h e  V i k i n g  l a n d e r ' s  l o c a t i o n s  and can 
a l s o  be used, t o  a f i r s t  a p p r o x i m a t i o n ,  f o r  o t h e r  
l a t i t u d e s .  
o p t i c a l  d e p t h  o f  t h e  M a r t i a n  atmosphere d e r i v e d  
f rom images t a k e n  of t h e  sun w i t h  a s p e c i a l  d i o d e  
on  t h e  V i k i n g  cameras; and c o m p u t a t i o n  based on 
m u l t i p l e  w a v e l e n g t h  and m u l t i p l e  s c a t t e r i n g  o f  t h e  
s o l a r  r a d i a t i o n .  The d a t a  a r e  used t o  make e s t i -  
mates of p h o t o v o l t a i c  sys tem power,  a r e a  and mass 
for a s u r f a c e  power sys tem u s i n g  r e g e n e r a t i v e  f u e l  
c e l l s  for s t o r a g e  and n i g h t t i m e  o p e r a t i o n .  
The r a d i a t i o n  d a t a  i s  based on  measured 
INTRODUCTION 
NASA, t h r o u g h  i t s  P r o j e c t  P a t h f i n d e r ,  has p u t  
i n  p l a c e  a w i d e - r a n g i n g  s e t  of advanced t e c h n o l o g y  
programs to  a d d r e s s  f u t u r e  needs o f  manned space 
e x p l o r a t i o n .  I n c l u d e d  i n  t h e  m i s s i o n  s e t s  under  
s t u d y  i s  t h e  e s t a b l i s h m e n t  o f  o u t p o s t s  on t h e  s u r -  
face  o f  Mars .  
f i n d e r  i s  a imed a t  p r o v i d i n g  u l t r a l i g h t w e i g h t  
p h o t o v o l t a i c  a r r a y  t e c h n o l o g y  f o r  such an a p p l i c a -  
t i on  ( a s  w e l l  as for  t h e  l u n a r  s u r f a c e ) .  D e t a i l e d  
i n f o r m a t i o n  on t h e  c l i m a t i c  c o n d i t i o n s  on Mars a t  
t h e  p h o t o v o l t a i c  sys tem l o c a t i o n  i s  v e r y  d e s i r a b l e .  
These i n c l u d e  t h e  v a r i a t i o n  o f  s o l a r  i n s o l a t i o n ;  
a m b i e n t  t e m p e r a t u r e ;  a l b e d o ;  and w i n d  speeds and 
d i r e c t i o n s ;  w i t h  l a t i t u d e ,  season, and t i m e  of t h e  
day. I n  a d d i t i o n ,  t h e  e f f e c t  o f  d u s t  a c c u m u l a t i o n  
on  t h e  p h o t o v o l t a i c  p a n e l s  and r a d i a t i o n  damage 
c a u s i n g  d e g r a d a t i o n  of t h e  o u t p u t  power needs t o  
be assessed.  
A s  on t h e  p l a n e t  E a r t h ,  t h e  s o l a r  r a d i a t i o n  
on t h e  s u r f a c e  of Mars i s  composed of two compo- 
n e n t s :  
The d i r e c t  beam i s  a f f e c t e d  b y  s c a t t e r i n g  and 
a b s o r p t i o n  a l o n g  t h e  p a t h  from t h e  t o p  o f  t h e  Mar- 
t i a n  a tmosphere  t o  t h e  M a r t i a n  s u r f a c e .  
ment of t h e  o p t i c a l  d e p t h  C1.21 o f  t h e  M a r t i a n  
atmosphere a l l o w s  an e s t i m a t e  o f  t h e  a b s o r p t i o n  
and s c a t t e r i n g  o u t  of t h e  beam. These e s t i m a t e s  
were d e r i v e d  from images t a k e n  o f  t h e  Sun and 
t h e  Sun and Phobos w i t h  a s p e c i a l  d i o d e  on  t h e  
The S u r f a c e  Power Program i n  Path- 
t h e  d i r e c t  beam, and d i f f u s e  component. 
Measure- 
' T h i s  work was done w h i l e  t h e  a u t h o r  was a 
N a t i o n a l  Research  C o u n c i l  -- NASA Research A s s o c i -  
a t e ;  on  s a b b a t i c a l  l e a v e  from Te l  A v i v  U n i v e r s i t y .  
1 
V i k i n g  l a n d e r  cameras. S i n c e  t h e  cameras a r e  s i t -  
t i n g  on t h e  M a r t i a n  s u r f a c e ,  t he  measured intensity 
i s  d i r e c t l y  r e l a t e d  by  B e e r ' s  law t o  tne  G p t i c a l  
d e p t h  o f  t h e  i n t e r v e n i n g  a t m o s p n e r i c  haze: 
( 1 )  
where Go i s  t h e  u n a t t e n u a t e d  i r r a d i a n c e  a t  t h e  
t o p  o f  t h e  M a r t i a n  a tmosphere ;  Gb i s  t h e  d i r e c t  
beam i r r a d i a n c e  on M a r t i a n  s u r f a c e  normal t3 t h e  
s o l a r  r a y s ;  1: i s  t h e  o p t i c a l  d e p t h ;  and [ m ( z ) l - '  
i s  t h e  a i r m a s s  d e t e r m i n e d  by t h e  z e n i t h  a n g l e  z .  
E a r t h - t e r r e s t i a l  i n s o l a t i o n  d a t a  a r e  accumu- 
l a t e d  o v e r  many y e a r s  a t  d i f f e r e n t  l o c a t i o n s  around 
t h e  w o r l d  and a r e  g i v e n  as l o n g  t e r m  average v a l -  
ues .  The o p t i c a l  d e p t h  d a t a  for Mars a r e  d e r i v e d  
for  l e s s  t h a n  two Mars y e a r s .  Consequent !y ,  t h e  
c a l c u l a t e d  s o l a r  i n s o l a t i o n  c o r r e s p o n d s  t o  s h o r t  
t e r m  d a t a .  F u r t h e r m o r e ,  t h e  measured s p a c i t i e s  
( o p t i c a l  d e p t h )  and t h e  c a l c u l a t e d  i r r a d i a n c e s  p e r -  
t a i n  t o  j u s t  two l o c a t i o n s  on  t h e  Mars p l a n e t ;  
V i k i n g  l a n d e r  1 ( V L I ) ,  l o c a t e d  a t  2 2 . 3 "  N l a t i -  
t i u d e  and 47.7" W l o n g i t u d e ,  and V i k i n g  l a n d e r  2 
(VL.2). l o c a t e d  a t  47 .7"  N l a t i t u d e  and 225.7' W 
l o n g i t u d e .  However, t h e  s i m i l a r i t y  i n  t h e  p r o p e r -  
t i e s  o f  t h e  d u s t  suspended above t h e  two l a n d i n g  
s i t e s  suggests  t h a t  t h e y  a r e  a l s o  r e p r e s e n t a t i v e  
o f  ones a t  o t h e r  l o c a t i o n s ,  a t  l e a s t ,  a t  l a t i t u d e s  
n o t  too f a r  f r o m  t h e  l a n d e r ' s  s i t e s .  D a t a  from 
l a n d e r  VLI may be used f o r  l a t i t u d e s  40" N t o  40" 8 
and d a t a  from l a n d e r  VL2 f o r  h i g h e r  l a t i t u d e s .  The 
M a r t i a n  atmosphere c o n s i s t s  m a i n l y  o f  suspended 
d u s t  p a r t i c l e s ,  t h e  amounts o f  w h i c h  v a r y  d a i l y ,  
s e a s o n a l l y ,  and a n n u a l l y ,  depend ing  on  l o c a l  and 
g l o b a l  s t o r m  i n t e n s i t i e s  and t h e i r  d u r a t i o n .  The 
o p t i c a l  d e p t h  v a l u e s  g i v e n  i n  t h e  s e c t i o n  e n t i t l e d  
OPTICAL DEPTH a r e  assumed t o  be c o n s t a n t  t h r o u g h o u t  
t h e  day .  Large  v a l u e s  o f  o p t i c a l  d e p t h  c o r r e s p o n d  
t o  g l o b a l  storms, i . e . ,  days w i t h  low i n s o l a t i o n  
( " d a r k  d a y s " ) .  
The a l b e d o  o f  t h e  M a r t i a n  s u r f a c e  v a r i e s  i n  
t h e  r a n g e  o f  a b o u t  0.1 to  0.4.  The i r r a d i a n c e s  
d e r i v e d  i n  t h e  s e c t i o n  e n t i t l e d  SOLAR RADIATION 
c o r r e s p o n d  t o  0.1 a l b e d o  b u t  can be a l s o  used f o r  
o t h e r  v a l u e s  of a l b e d o ,  t o  t h e  f i rst  
a p p r o x i m a t i o n .  
I n  t h i s  p a p e r  we c a l c u l a t e d  t h e  v a r i a t i o n  o f  
s o l a r  i r r a d i a n c e  w h i c h  i s  t h e  m a j o r  e n v i r o n m e n t a l  
component for  p h o t o v o l t a i c  sys tem d e s i g n .  
n o t  r e p o r t  h e r e  d a t a  on  a m b i e n t  t e m p e r a t u r e ,  w i n d  
speed and d i r e c t i o n ,  a l b e d o  and t h e  e f f e c t  o f  d u s t  
Ne do 
New i n f o r m a t i o n  a b o u t  Mars c l i m a t e  may be f o r t h -  
coming i n  the  f u t u r e  based on new a n a l y s i s .  o o s e r -  
~ a t i o n s  and f u t u r e  f l i g h t  m i s s i o n s .  The Mars 
c l i m a t i c  d a t a  f o r  p h o t o v o l t a i c  system d e s i g n  w i l l  
t h u s  be updated  a c c o r d i n g l y .  
t i o n  o f  p h o t o v o l t a i c  power system s i z e  and mass 
( i n c l u d i n g  s t o r a g e ) .  based on t h e  d a t a  now i n  hand, 
for use on the  M a r t i a n  s u r f a c e  d u r i n g  a s o - c a l l e d  
" s p r i n t "  m i s s i o n  ( i . e . ,  30 day d u r a t i o n  o r  l e s s  on 
t h e  s u r f a c e ) .  The d e t a i l e d  assumpt ions  appear i n  
t h e  l a s t  s e c t i o n  o f  t h e  paper  on power system con- 
s i d e r a t i o n s .  and the  r e s u l t s  appear i n  Tab le  11. 
We have a l s o  c o m p l e t e d  a p r e l i m i n a r y  c a l c u l a -  
OPTICAL DEPTH 
The most d i r e c t  and p r o b a b l y  r e l i a b l e  e s t i -  
mates o f  o p a c i t y  a r e  t h o s e  d e r i v e d  f r o m  V i k i n g  
l a n d e r  imag ing  o f  t h e  Sun. F i g u r e s  1 and 2 show 
t h e  seasonal  v a r i a t i o n  o f  t h e  n o r m a l - i n c i d e n c e  o f  
t h e  o p t i c a l  d e p t h  a t  t h e  V i k i n g  l a n d e r  l o c a t i o n s  
VL l  and VL2. r e s p e c t i v e l y .  The season i s  i n d i -  
c a t e d  by t h e  v a l u e  o f  L,, a r e o c e n t r i c  l o n g i t u d e  
o f  t h e  Sun, measured i n  t h e  o r b i t a l  p l a n e  o f  t h e  
p l a n e t  f r o m  i t s  v e r n a l  e q u i n o x  ( L s  = 0" and 180" 
c o r r e s p o n d i n g  t o  s p r i n g  and f a l l  equ inox  f o r  t h e  
n o r t h e r n  hemisphere,  r e s p e c t i v e l y ;  and L s  = 90 
and 270" c o r r e s p o n d i n g  t o  n o r t h e r n  and s o u t h e r n  
summer s o l s t i c e s ,  r e s p e c t i v e l y ) .  F i g u r e s  1 and 2 
were d e r i v e d  f r o m  r e f e r e n c e s  by P o l l a c k  C1,21 and 
Zurek  131 and were d i s c r e t i z e d  f o r  each 5 " .  A s  
ment ioned b e f o r e ,  t h e  o p t i c a l  d e p t h  i s  assumed t o  
remain  c o n s t a n t  t h r o u g h o u t  t h e  day .  O p a c i t i e s  a r e  
minimum d u r i n g  t h e  n o r t h e r n  s p r i n g  ( L ,  = 0" t o  9 0 " )  
and summer (L, = 90" t o  180") ,  and maximum d u r i n g  
s o u t h e r n  s p r i n g  ( L s  = 180" t o  270") and summer 
(Ls = 270" t o  3 6 0 " ) ,  t h e  seasons d u r i n g  !which most 
l o c a l  and m a j o r  d u s t  s to rms o c c u r .  Wherl d u s t  
s to rms a r e  n o t  p r e s e n t ,  t he  o p t i c a l  d e p t h  a r e  t y p i -  
c a l l y  a b o u t  0 . 5 .  Two g l o b a l  d u s t  storms o c c u r r e d  
d u r i n g  t h e  p e r i o d  o f  t h e  o b s e r v a t i o n  as i n d i c a t e d  
by t h e  h i g h  v a l u e s  o f  t h e  o p t i c a l  d e p t h  ( l o w e r  
bound v a l u e s ) .  
GLOBAL AND LOCAL DUST STORMS 
The i n t e n s i t y  o f  M a r t i a n  g l o b a l  and l o c a l  d u s t  
s to rms i s  d e f i n e d  i n  terms o f  o p a c i t y  of t h e  d u s t  
i t  r a i s e s .  G l o b a l  d u s t  storms a r e  those wh ich  
o b s c u r e  p l a n e t a r y - s c a l e  s e c t i o n s  o f  t h e  M a r t i a n  
s u r f a c e  for  many M a r t i a n  days ( s o l s ) ,  whereas I o c a l  
d u s t  s to rms a r e  l e s s  i n t e n s e ,  and f o r m  and d i s s i -  
p a t e  i n  a f e w  days or l e s s .  From p h o t o v o l t a i c  sys- 
tem d e s i g n  p o i n t  o f  v i e w ,  t h e  i n t e n s i t y ,  f r e q u e n c y ,  
and d u r a t i o n  o f  t h e s e  s to rms may be v iewed as " p a r -  
t i a l l y  c l o u d y "  and " c l o u d y "  days F o r  wh ich  a d d i -  
t i o n a l  energy  s t o r a g e  i n  t h e  p h o t o v o l t a i c  system 
must be t a k e n  i n t o  a c c o u n t .  The c h a r a c t e r i s t i c s  
Jf g l o b a l  and l o c a l  d u s t  s to rms a r e  l i s t e d  b e l o w .  
G l o b a l  Dus t  Storms 
( 1 )  One, or o c c a s i o n a l l y  two g l o b a l  d u s t  
storms o f  p l a n e t a r y  s c a l e  may o c c u r  each M a r t i a n  
y e a r .  
more. 4 l t h o u g h  g l o b a l  d u s t  s to rms do n o t  o c c u r  
e v e r y  y e a r ,  t h e i r  o c c u r r e n c e  i s  f a i r l y  f r e q u e n t .  
The d u r a t i o n  may v a r y  f r o m  3 5  t o  70 days or 
, 2 )  G l o b a l  d u s t  storms b e g i n  i e a r  o e r i h e l i o n ,  
when 5 c l a r  i n s o l a t i o n  i s  maximum ' s o u t h e r n  ; ? r i n g  
and summer) i n  the  s o u t h e r n  m i d - l a r i t u d e .  
( 3 )  The f i r s t  g l o b a l  d u s t  s t o r m  observed by 
VL ( 1 9 7 7 )  spread from a l a t i t u d e  o f  40" S t o  a l a t -  
i t u d e  48" N i n  about  5 t o  6 days .  
i s  g r e a t e r  t h a n  1 .  
Loca l  Dus t  Storms 
(4) The o p a c i t y  d u r i n g  t h e  g l o b a l  j u s t  s t o r m  
( 1 )  Loca l  d u s t  storms o c c u r  a t  a l m o s t  a l l  l a t -  
i t u d e s  and t h r o u g h o u t  the  y e a r .  However, t h e y  
have been observed t o  o c c u r  most f r e q u e n t l y  i n  t h e  
a p p r o x i m a t e  l a t i t u d e  b e l t  IO" t o  20" N and 29' t o  
40" S .  !w i th  more j u s t  c l o u d s  seen I n  the  s o u t h  
t h a n  i n  the  n o r t h ,  t h e  m a j o r i t y  o f  wh ich  o c c u r r e d  
d u r i n g  s o u t h e r n  s p r i n g .  
( 2 )  Based on V i k i n g  o r b i t e r  o b s e r v a t i o n s ,  i t  
i s  e s t i m a t e d  t h a t  a p p r o x i m a t e l y  100 l o c a l  s to rms 
o c c u r  i n  a g i v e n  M a r t i a n  y e a r .  
( 3 )  L o c a l  d u s t  storms l a s t  a few l a y s .  
(4) The o p a c i t y  o f  l o c a l  a u s t  storms may be 
assumed about  1 .  
SOLAR 2ADIATION 
The s o l a r  i n s o l a t i o n  on the  s u r f a c i  sf g a r s  
i s  c m p o s e d  o f  t h e  d i r e c t  beam and the  j i f f u s e  com- 
p o n e n t s .  The n e t  s o l a r  f l u x  i n r e g r a t e d  o v e r  tne  
i o l a r  specr rum.  on the  Y a r t i a n  5ur faca  das c a l c u l a -  
t e d  oy P o l l a c k  [ 5 1  based c n  m u l t i o i e  .vave length  
and m u l t i p l e  s c a t t e r i n g  gf t h e  s o l a r  radiation. 
D e r i v e d  d a t a  o f  t h i s  c a l c u l a t i o n  i s  shown i n  
Tab le  I by the  " n o r m a l i z e d  n e t  f l u x  f u n c t i o n "  
f ( z , r )  where :he parameters  a r e  the  z e n i t h  a n g l e  
z and t h e  o o r i c a l  d e p t h  T. T h i s  t a b l e  p e r r a i n s  
to a l b e d o  o f  0 .1  b u t  can be used f o r  h i g h e r  a l b e d o  
v a l u e s  t o  a f i r s t  a p p r o x i m a t i o n .  U s i n g  these d a t a  
we c a l c u l a t e d  t h e  g l o b a l  s o l a r  i r r a d i a n c e .  Ne 
assumed t h a t  t he  d i f f u s e  i r r a d i a n c e  i s  o b t a i n e d  b y  
s u b t r a c t i n g  t h e  beam f r o m  t h e  g l o b a l  i r r a d i a n c e .  
t a l  M a r t i a n  s u r f a c e ,  a r e  r e l a t e d  by :  
The s o l a r  i r r a d i a n c e  components, on  a h o r i z o n -  
Gh = Gbh + Gdh ( 2 )  
where 
Gh g l o b a l  i r r a d i a n c e  on a h o r i z o n t a l  s u r f a c e  
Gbh d i r e c t  beam i r r a d i a n c e  on  a h o r i z o n t a l  j u r f a c e  
Gdh d i f f u s e  i r r a d i a n c e  3n a h o r i z o n t a l  s u r f a c e  
The d i f f u s e  i r r a d i a n c e  of t h e  M a r t i a n  atmospnere 
may be a r e s u l t  of a d i f f e r e n t  mechanism than r h a t  
f o r  t h e  E a r t h  atmosohere, n e v e r t h e l e s s .  :a a f i rs r  
a p p r o x i m a t i o n .  we will a p p l y  Eq. ( 2 )  a i  for E a r t h -  
t e r r e s t r i a l  c a l c u l a t i o n s .  The beam i r r a d i a n c e  
Gbh on a h o r i z o n t a l  s u r f a c e  i; g i v e n  b y :  
i ', 




For z e n i t h  a n g l e s  z < 70" one can a p p r o x i m a t e  the  
a i r m a s s  by :  
1 - 1  ( 4 )  - - -  
m t z )  - cos z 
The beam i r r a d i a n c e  a t  t h e  t o p  o f  t h e  M a r t i a n  
atmosphere i s  g i v e n  by :  
where S i s  t h e  s o l a r  c o n s t a n t  a t  t h e  mean Sun- 
E a r t h  d i s t a n c e  o f  1 AU, i . e . ,  S = 1371 W/m2; r 
t h e  i n s t a n t a n e o u s  Sun-Mars d i s t a n c e  ( h e l i o c e n t r i c  
i s  
d i s t a n c e )  g i v e n  by C61: 
2 
= a ( l  - e ) 
1 + e cos 0 
where a i s  t h e  Mars semimajor a x i s ,  and e 
t h e  Mars e c c e n t r i c i t y ,  i . e . ,  e = 0.093377; and 
i s  t h e  t r u e  anomaly g i v e n  by :  
9 = L - 248" S 
where Ls  i s  t h e  a r e o c e n t r i c  l o n g i t u d e  and 2 4  
t h e  a r e o c e n t r i c  l o n s i t u d e  of Mars D e r i h e l i o n .  
( 6 )  
S 
0 
( 7 )  
i s  
The 
Sun-Mars mean d i s t a n c e  i n  AU u n i t s ' i s  1.5236915, 
t h e r e f o r e ,  t h e  mean beam i r r a d i a n c e  a t  t h e  t o p  of 
Mars atmosphere i s :  1371/1.52369152 = 590 W/m2. 
The i n s t a n t a n e o u s  beam i r r a d i a n c e  i s  g i v e n  by  
Eqs. ( 5 )  t o  ( 7 ) :  
> 
7 -  r 11 + e C O S ( L -  - 2a8";  j 
> 
:3: Go = 590 -. _I ( 1 - 2 -  ,i 
and i s  shown i n  F i g .  3 .  
M a r t i a n  s u r f a c e  i s  o b t a i n e d  b y :  
The g l o b a l  i r r a d i a n c e  Gh on a h o r i z o n t a l  
f ( z  T.) cos z Gh = Go 0.; ( 9 )  
The c o s i n e  o f  t h e  z e n i t h  a n g l e  i s :  
cos z = s i n  4 s i n  S + cos (I cos 6 cos w (10) 
where 
(I l a t i t u d e  
6 d e c l i n a t i o n  a n g l e  
o h o u r  a n g l e  
The s o l a r  d e c l i n a t i o n  a n g l e  i s  g i v e n  by :  
s i n  6 = s i n  6 s i n  L s  ( 1 1 )  
0 
where 60 = 24.936' i s  t h e  Mars o b l i q u i t y  o f  r o t a -  
t i o n  a x i s .  The v a r i a t i o n  o f  t h e  s o l a r  d e c l i n a t i o n  
a n g l e  i s  shown i n  F i g .  4 .  
The r e l a t i o n  be tween t h e  p l a n e t  s o l a r  t i m e  T and 
t h e  h o u r  a n g l e  W ,  i s  shown i n  F i g .  5 and i s  g i v e n  
by  : 
w = 15T - 180 ( 1 2 )  
r h e r e  w i s  measured from t h e  t r u e  noon westward .  
The f o l l o w i n g  f i g u r e s  o f  ; o l a r  i r r a d i a n c e s  
'were c a l c u l a t e d  based on  Tab le  I d a t a  and t h e  mean 
i r r a d i a n c e  o f  590 W/m2. F i g u r e s  6 t o  3 d e s c r i b e  
t h e  v a r i a t i o n  o f  t he  g l o b a l ,  Seam and d i f f u s e  ! i . ra -  
d i a n c e s .  r e s p e c t i v e l y ,  on a h o r i z o n t a l  M a r t i a n  sur -  
f a c e ;  and a r e  g i v e n  i n  p a i r s  a s  f u n c t i o n  o f  t he  
o p t i c a l  d e p t h  T, and z e n i t h  a n g l e  z .  The v a r i a -  
t i o n  o f  t h e  g l o b a l  i r r a d i a n c e  Gh, E q .  ( 9 ) .  i s  
shown i n  F i g s .  6 t a )  and ( b ) .  The beam i r r a d i a n c e  
Gbh i s  o b t a i n e d  u s i n g  Eq. ( 3 )  and i s  shown i n  
F i g s .  7 ( a )  and ( b ) .  The beam i r r a d i a n c e  shows a 
s h a r p  decrease w i t h  i n c r e a s i n g  o p t i c a l  d e p t h ,  and 
a r e l a t i v e  modera te  decrease a i t h  i n c r e a s i n g  
z e n i t h  a n g l e .  The d i f f u s e  i r r a d i a n c e  Gdh i s  
o b t a i n e d  f r o m  Eqs. ( 2 ) .  ( 3 )  and ( 9 )  and i s  shown 
i n  F i g s .  8 t a )  and ( b ) .  The d i f f u s e  i r r a d i a n c e  
shows a s l i d i n g  maximum w i t h  t h e  v a r i a t i o n  of t he  
zen i  t h  a n g l e .  
For  a g i v e n  day Ls  and l a t i t u d e  4 ,  one can 
c a l c u l a t e  t h e  v a r i a t i o n  o f  t h e  z e n i t h  a n g l e  z as 
f u n c t i o n  o f  t he  s o l a r  t i m e  T u s i n g  Eqs. ( 1 0 )  t o  
( 1 2 ) .  R e f e r r i n g  t o  F i g s .  1 and 2 for  t h e  g i v e n  
L s ,  t h e  o p t i c a l  d e p t h  T. i s  d e t e r m i n e d ,  and u s i n g  
F i g s .  6 t o  8 one can c a l c u l a t e  t h e  v a r i a t i o n  o f  t h e  
s o l a r  i r r a d i a n c e  f o r  t h e  g i v e n  day .  The r e s u l t s  o f  
such a p r o c e d u r e  i s  shown, for  example,  i n  F i g .  9 
r h e r e  t h e  v a r i a t i o n  o f  t h e  g l c b a l .  beam and d i f f u s e  
i r r a d i a n c e  on  a h o r i z o n t a l  s u r f a c e  i s  d e p i c t e d  as 
f u n c t i o n  o f  t h e  s o l a r  t i m e  f o r  
V i k i n g  l a n d e r  VL1. 
Ls  = 153" and a t  
POWER SYSTEM C O N S I D E R A T I O N S  FOR M A R T I A N  
SURFACE OPERATION 
The d a t a  p r e s e n t e d  i n  t h i s  paper r e p r e s e n t  a 
s t a r t  c n  a l o n g e r  t e r m  e f f o r t  t o  p r o v i d e  a more 
comple te  a n a l y s i s  o f  t e m p e r a t u r e  and i n s o l a t i o n  
l e v e l s  on  M a r s .  The purpose for d o i n g  so i s  two- 
f o l d :  ( 1 )  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  o f  u s i n g  
p h o t o v o l t a i c  power systems on the  s u r f a c e  o f  Mal-;, 
and ( 2 )  t o  a l l o w  for  much more a c c u r a t e  c a l c u l a -  
t i o n s  o f  c r i t i c a l  power zystem c h a r a c t e r i s t i c s ,  
such as a r e a  and mass, t h a n  has been p o s s i b l e  i n  
t h e  p a s t .  O f  m a j o r  c o n c e r n  a r e  t h e  d u s t  storms, 
w h i c h  have been o b s e r v e d  t o  o c c u r  on l o c a l  as well 
as g l o b a l  s c a l e s ,  and t h e i r  e f f e c t  on  s o l a r  a r r a y  
o u t p u t .  I n  g e n e r a l ,  t h e  a s s u m p t i o n  has been t h a t  
g l o b a l  s t o r m s  wou ld  r e d u c e  s o l a r  a r r a y  o u t p u t  
e s s e n t i a l l y  t o  z e r o ,  because t h e  o p a c i t y  of t h e  
atmosphere may r i s e  t o  v a l u e s  r a n g i n g  f r o m  3 t o  9 ,  
depend ing  on  t h e  s e v e r i t y  o f  t h e  storm. F u r t h e r -  
more, such h i g h  v a l u e s  o f  o p a c i t y  may p e r s i s t  f o r  
l o n g  p e r i o d s  o f  t i m e  ( o f t e n  s e v e r a l  weeks).  SO 
t h a t  p r e d i c t e d  r e q u i r e m e n t s  for  e n e r g y  s t o r a g e  
q u i c k l y  become much too l a r g e  t o  be p r a c t i c a l .  
shown i n  t h e  p r e c e d i n g  d i s c u s s i o n ,  however-, t h e  
o p a c i t y  p r i m a r i l y  a f f e c t s  t h e  d i r e c t  beam compo- 
n e n t  o f  t h e  s o l a r  r a d i a t i o n .  Hence t h e r e  i s  s t i l l  
an a p p r e c i a b l y  l a r g e  d i f f u s e  component, even a t  a n  
a t m o s p h e r i c  o p a c i t y  of 4 ( F i g .  8), w i t h  t h e  r e s u l t  
t h a t  s o l a r  a r r a y  o p e r a t i o n  i s  s t i l l  p o s s i b l e .  
A c c o r d i n g  to  t h e  d a t a  shown i n  t h e  f i g u r e ,  a r r a y  
o u t p u t  a t  m idday  c o u l d  be e x p e c t e d  t o  be o v e r  
40 p e r c e n t  o f  i t s  " c l e a r  w e a t h e r "  midday o u t p u t  
d u r i n g  t h e  h e i g h t  o f  t h a t  p a r t i c u l a r  s t o r m .  
As 
3 
The ;econd, and o r i m a r y  use for  d a t a  such as  
a r e  o r e s e n t e d  h e r e ,  i s  t o  a l l o w  fo r  more a c c u r a t e  
e s t i m a t e s  of p h o t o v o l t a i c  power sys tem s i z e s  and  
'TlasjeS i n  system a n a l y s i s  and t r a d e - o f f  s t u d i e s .  
U l t i m a t e l y ,  o f  c o u r s e ,  such d a t a  w i l l  be  r e q u i r e d  
for  f i n a l  e n g i n e e r i n g  d e s i g n  s h o u l d  a manned m is -  
s i o n  to Mars a c t u a l l y  be a t t e m p t e d  a t  some f u t u r e  
d a t e .  P r i o r  t o  any  such a c t u a l  e n g i n e e r i n g  phase, 
however ,  i t  i s  i m p o r t a n t  t o  a n a l y z e  and compare 
a l l  t h e  r e l e v a n t  t e c h n o l o g y  o p t i o n s ,  and t o  s e l e c t  
t h o s e  wh ich  l o o k  most f a v o r a b l e  f o r  f u r t h e r  s t u d y  
and deve lopmen t .  A s  an  example, a compar i son  w i l l  
be made of a r r a y  a reas  and masses for two r a d -  
i c a l l y  d i f f e r e n t  s o l a r  c e l l  o p t i o n s .  I t  i s  
assumed t h a t  ene rgy  s t o r a g e  w i l l  be p r o v i d e d  b y  
r e g e n e r a t i v e  !,el c e l l s  (RFC) u s i n g  hyd rogen  and 
oxygen as reactant;. The s t o r a g e  sys tem e f f i c i e n -  
cy  i n  t h i s  c a l c u l a t i o n  t a k e s  i n t o  a c c o u n t  t h e  
; torage " r o u n d - t r i p "  e f f i c i e n c y  as we1 1 as  t h e  
power manacjeme-t and d i s t r i b u t i o n  e f f i c i e n c i e s .  
For s t o r a g e  t imes  on  t h e  o r d e r  o f  10 hr or more, 
R F C  energy  s t o r a g e  d e n s i t i e s  have been shown to  
approach  1000 11-hr lkg [ 7 1 .  The two s o l a r  c e l l  
o p t i o n s  a r e  t h i n  f i l m  amorphous s i l i c o n  a t  
12 p e r c e n t  AM0 e f f i c i e n c y .  and t h i n ,  s i n g l e  c r y s -  
t a l  GaAs c e l l s  a t  26 p e r c e n t  AMO. B o t h  c e l l  
t ypes  a r e  assumed t o  be i n t e g r a t e d  i n t o  a s u i t a b l e  
i i g h t w e i g h t ,  f l e x i b l e  b l a n k e t  assemb ly .  Based o n  
p r o j e c t i o n s  from t h e  NASA Advanced P h o t o v o l t a i c  
S o l a r  A r r a y  S t u a y  C81. t h e  GaAs b l a n k e t  s p e c i f i c  
mass i s  c a l c u l a t e d  to  be 0.5 kg/m2 and t h e  a S i  
o l a n k e t  s p e c i f i c  mais  i s  0 .04  kg/m2.  The a r r a y  
s t r u c t u r e  i n  b o t h  cases i s  assumed to  have a mass 
o f  0 . 5 6  kg/m2 mete r  o f  a r r a y  a rea ,  t o  w h i c h  must  
oe added t h e  b l a n k e t  mass for  each case .  No tem- 
: e r a t u r e  e f f e c t s  a r e  i n c l u d e d  i n  t h i s  c a l c u l a t i o n ,  
and i t  i s  assumeo :hat t h e  e f f i c i e n c i e s  q u o t e d  a r e  
a t  t h e  e x p e c t e d  o p e r a t i n g  t e m p e r a t u r e  o f  t h e  
a r r a y .  Also, n o t  i n c l u d e d  i s  t h e  mass o f  t h e  
power c o n d i t i o n i n g  and d i s t r i b u t i o n  equ ipmen t  for  
t h e  l o a d s  o n  :he power sys tem.  
The i n s o l a t i o n  l e v e l  and o p a c i t y  d a t a  are 
:nat  o b s e r v e d  by  VL1 o n  day  L s  = 153'. The a c t u a l  
i r r a d i a n c e  l e v e l  rJf  590 W/m2 d u r i n g  t h i s  por t ion  
o f  M a r ' s  o r b i t  i s  a p p r o x i m a t e l y  equa l  t o  t h e  o r b i -  
t a l  mean v a l i l e .  and rema ins  w i t h i n  10 p e r c e n t  o f  
:hat v a l u e  f o r  s e v e r a l  weeks on e i t h e r  s i d e  of 
:hat  Gay. :t i s  a l s o  a p e r i o d  o f  r e l a t i v e l y  s t a -  
ble a t m o s p h e r i c  c o n d i t i o n s ,  w i t h  o p a c i t i e s  a r o u n d  
0 . 5  for s e v e r a l  days a t  a t i m e .  F i g u r e  9 shows 
t h e  v a r ' a t i o n  w i t h  z e n i t h  a n g l e  o f  t h e  i r r a d i a n c e  
o n  a f i x e d  h o r i z o n t a l  s u r f a c e  f o r  t h a t  same day.  
Tab le  I 1  compares t h e  a r e a  and mass o f  t h e  two 
s o l a r  a r r a y  t y p e s  when b o t h  a r e  f i x e d  and  
h o r i z o n t a l ,  as m i g h t  be t h e  case i f  o p e r a t i o n a l  
s i m p l i c i t y  i s  d e s i r e d  for  t h e i r  dep loymen t .  
a r r a y  power p e r  u n i t  a r e a  and u n i t  mass have 
been c a l c u l a t e d  w i t h  t h e  c o n d i t i o n  t h a t  t h e  a r r a y  
must p r o v i d e  i t s  f u l l  r a t e d  o u t p u t  o f  25 kWe for 
a t  i e a s t  5 . 5  h r  p a s t  M a r t i a n  noon, a t  w h i c h  t i m e  
:he s o l a r  i r r a d i a n c e  i s  70 W/m2 o n  t h e  day  s e l e c -  
t e d .  T h e  r a t i o  of t h e  i n t e g r a t e d  t o t a l  e n e r g y  t o  
the  peaK s o l a r  i n s o l a t i o n  i s  0 . 5 9 ,  w h i c h  y i e l d s  a 
d a i l y  ave rage  i r r a d i a n c e  o f  0 . 3 4 8  kWlm2. 
i n t e r e s t i n g  t o  n o t e  t h a t  a l t h o u g h  t h e  mass of t h e  
aSi b l a n k e t  was c a l c u l a t e d  t o  be l e s s  t h a n  
10 p e r c e n t  of t h e  GaAs b l a n k e t ,  t h e  a S i  sys tem 
I t  i s  
ma;: i s  n e a r l y  20 p e r c e n t  g r e a t e r  t han  :ne t ; i c P s  
system mass. The r e a s o n  i s ,  fif COuT-je. :+a: r l e  
l ower  e f f i c i e n c y  p r o j e c t e d  for  .d i  result; i n  1 
much l a r g e r  t o t a l  a r e a ,  and hence t o t a l  n d < i ,  ';r 
t h a t  a r r a y .  under  t h e  assumpt ion  t h a t  'he j a m e  
s t r u c t u r a l  mass i s  r e q u i r e d  i n  each c a s e .  Clear-::/, 
a more d e t a i l e d  d e s i g n  i s  r e q u i r e d  t o  r e s o l v e  t h e  
i s s u e .  
CONCLUSIONS 
The m a j o r  e n v i r o n m e n t a l  pa ramete r  needed fo r  
p h o t o v o l t a i c  sys tem d e s i g n  i s  t h e  v a r i a t i o n  $ 2 f  t h e  
so la r .  i n s o l a t i o n .  The d a t a  and p r o c e d u r e  f r c m  
wh ich  t h e  s o l a r  i n s o l a t i o n  can be d e t e r m i n e d  i s  
g i v e n  i n  t h i s  p a p e r ,  and i s  based on  t h e  I o r m a I i z e r J  
n e t  s o l a r  f l u x  f u n c t i o n  f ( z , r ) .  The o p a c i t i e s  
were measured a t  t h e  two V i k i n g  lander-  l o c a t i o n ;  
b u t  can a l s o  be used ,  to  t h e  f i r s t  appro* imat i , ;n.  
for  o t h e r  l o c a t i o n s .  F i g u r e s  6 t o  9 ;no:v :ne , 3 1 1 -  
b a l ,  beam and d i f f u s e  i r r a d i a n c e s  o n  t h s  n c l - l z 3 n -  
t a l  s u r f a c e .  Any d e s i r e d  i n s o l a t i o n  a u a n r ' t i e s  
any i n c l i n e d  s u r f a c e  can be fu r the r .  d e r i v e d  Sa;?? 
on t h e  f ( z , T )  f u n c t i o n  and t h e  a p p r o p r i a t e  : c :a r  
c a l c u l a t i o n s .  
An example i s  p r e s e n t e d  for  a. s u r f a c e  pc1.4~1. 
sys tem u s i n g  r e g e n e r a t i v e  f u e l  c e l l s  f3r : t o r a g e .  
and two d i f f e r e n t  a r r a y  types--one ' w i t h  1;aAs c e l l ; ,  
and one v i t h  a S i  t h i n  f i l m  c e l l s .  Tne . - e : d l t j  
demons t ra te  t h e  ease u i  t h  wn ich  t h e  ;c iav 
i n s o l a t i o n  d a t a  p r o v i d e d  h e r e  can be u s e d  to  
d e t e r m i n e  i n p o r t a n t  power sys tem pa ramere rs  F o r -  
sys tem compar i son  s t u d i e s ,  and f o r  f i n a l  
e n g i n e e r i n g  d e s i g n .  
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TABLE I. - NORMALIZE0 NET FLUX FUNCTION f t2 . t )  AT THE MARTIAN SURFACE 




Ar ray  RFC energy System t o t a l  Ar ray  
storage mass. s I zed 
k g  needed, 
d l k W e  kglkWe Mass-kg A r e a - d  Mass-kg kglkWe KW 
65.0 69.1 1728 516 1624 2244 89.9 135 
140.7 84.3 2107 521 3518 2634 105.4 135 

















C e l l  Packing E c l i p s e  E c l i p s e  Storage Storage Ar ray  O l s t r i b u t l o n  Condl t l o n  
e f f i c i e n c y  f a c t o r  -to-sun t ime,  e f f l c i e n c y  mass, mass e f f  i c l e n c y  e f f  i c l e n c y  



















0.26 0.91 1.24 13.6 0.65 loo0 1.06 0.97 0.95 









































TABLE 11. - MARS MISSION PWER SYSTEM COWPARISON 
Tota l  power d e l i v e r e d  to  load (kHe): 25 
So la r  l r randance ( k H / d ) :  0.348 ( d a l l y  ave.) .  
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FIGURE 1. - OPTICAL DEPTH AS MEASURED FOR VIKING LANDER V L l  
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FIGURE 2. - OPTICAL DEPTH AS MEASURED FOR VIKING LANDER VL2 
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FIGURE 3. - SOLAR IRRADIANCE AT TOP OF MARS ATMOSPHERE AS 
FUNCTION OF AREOCENTRIC LONGITUDE. 
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FIGURE 4 .  - VARIATION OF SOLAR DECLINATION 
ANGLE 6, WITH AREOCENTRIC LONGITUDE, Ls. 
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FIGURE 5. - SOLAR TIME AND HOUR ANGLE RELATION. 
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( A )  EFFECT OF OPTICAL DEPTH WITH SUN ZENTH ANGLE AS A 
PARAMETER, 
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(B) EFFECT OF SUN ZENITH ANGLE WITH OPTICAL DEPTH AS A 
PARAMETER. 
FIGURE 6. - VARIATION OF GLOBAL IRRADIANCE WITH OPTICAL DEPTH 
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OPTICAL DEPTH. T 
( A )  EFFECT OF OPTICAL DEPTH WITH SUN ZENITH ANGLE AS A 
PARAMETER. 
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(B) EFFECT OF SUN ZENITH ANGLE WITH OPTICAL DEPTH AS A 
PARAMETER. 
FIGURE 8. - VARIATION OF DIFFUSE IRRADIANCE WITH OPTICAL 
DEPTH AND SUN ZENITH ANGLE ON A HORIZONTAL SURFACE. 
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FIGURE 9. - DIURNAL VARIATION OF SOLAR IRRADIANCE ON A 
HORIZONTAL SURFACE AT VIKING LANDER VLI. AREOCENTRIC 
LONGITUDAL, 153; OPTICAL DEPTH, 0.5. 
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